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1 Supplementary Methods 
1.1 Quantification of carbon on filter samples
A thermal-optical analyzer (Sunset Laboratory Model 5L OCEC analyzer with a 678 nm laser) was 
used to measure the mass of carbon deposited on filter punches (typically 1 cm2; smaller in some 
cases due to limited material). Punches were taken from quartz-fiber filters through which samples 
were flowed at controlled flow rates at the locations listed in Table S1. The punches were inserted 
into the instrument, then subjected to step-wise increasing temperatures in a continuous gas flow. 
The gas was initially pure helium (normally for measuring “OC” as described in the manuscript) and 
subsequently 2% O2 in He. This gas carried any carbon species evaporated from the filter to a 
manganese catalyst for conversion into CO2, then a Ni catalyst for conversion into CH4, and finally a 
flame ionization detector (FID) for quantification. 1

The FID was calibrated after every sample measurement by the injection of a known volume of pure 
CH4. Our laboratory routinely performs a full instrument calibration by measuring the carbon mass 
from deposits of sucrose with known carbon masses in a multi-point calibration. Daily, a cross-
check of this calibration is performed by measuring the sucrose mass loaded onto a calibration 
filter in a single-point calibration.

As discussed in the manuscript, the TOA data have been used for the quantification of carbon on the 
filters measured by ICP-MS only. We have disregarded the temperature protocol (which was either 
EUSAAR-2 or a modified NIOSH 5040 method 2) as well as the laser transmission (optical) data, and 
therefore have not performed “thermal-optical analysis” but have simply quantified the total 
carbon mass on our sample filters. 

1.2 ICP-MS
Filter sub-samples (1 cm2 punches) were dried overnight in an oven at 31 °C prior to digestion. 
Accurately weighted filter punches were placed into Teflon digestion vessels with 1 mL of HF and 7 
mL of HNO3 and left to predigest overnight. Samples were digested in closed vessels using 
Milestone Ethos EZ microwave digestion system at the following programme: 30 min ramp to 200 
°C followed by 30 min hold. 

After cooling to room temperature, the digests were transferred to 50 mL vials and evaporated to 
dryness using a hot block. The digestion residue was reconstituted in 2 % HNO3 and diluted for 
analysis. Each digestion cycle contained one method blank and one certified reference material 
PACS-3 (marine sediment reference material for trace metals and other constituents) and/or NIST 
1648 (urban particulate matter). 

An Agilent 8800 ICP-MS equipped with standard Ni sampling and skimmer cones, a standard glass 
nebuliser, quartz spray chamber cooled to 2 °C and quartz torch with 2.5 mm injector was used. 
Prior to each measurement, the ICP-MS was tuned in He, H2 and O2 mode to gain the highest 
sensitivity. Mixed calibration standards in the concentration range of 0.1 to 200 μg kg-1 were 
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prepared from Na, Al, P, S, Ca, V, Fe, Ni, Cu, Zn and Pb primary standards. Each standard and sample 
solution was taken up by an auto-sampler and mixed with internal standard solution (Ga, Rh, In and 
Th at 20 μg kg-1 concentration) in a T-piece prior to nebulization, to monitor plasma stability and 
drift. To reduce isobaric and spectral interferences, individual analytes were acquired either in KED 
(kinetic energy discrimination) mode using He or H2 gas or in reaction mode with O2 gas. During 
each analysis, cross-calibration between pulse and analogue detectors was performed. 

2 Particle sources: engines and fuels
Table S1. Engines (both reciprocating and gas turbine) used to generate the particles analyzed in this study 
and some of their main characteristics. The related references describe additional engine characteristics as 
well as other details of the particulate matter emitted by these engines.

Engine Characteristics Location of 
study

Sample conditioning Related references 

1 Marine, single-
cylinder research 
engine
Power: 76 kW
High speed (1,500 
rpm)
4-stroke
Bore / stroke: 150 
mm / 180 mm
Injection: common 
rail

Rostock, 
Germany

Dilution by a 
factor ≥ 8 at 
temperatures ≥ 773 K. 
Porous tube and 
ejector dilutor.

Streibel et al. 2017 3, 
Corbin et al. 2018 4, 
Momenimovahed et 
al. 2020 5 

(Note: this is a 
research engine 
which may have 
been reconfigured 
between studies 4) 

2 Marine, 6-cylinder 
auxiliary engine
Power: 187 kW
BMEP: 641 kPa
High speed (1,800 
rpm)
2-stroke
Cylinder 
displacement: 7L
Injection: naturally 
aspirated 
Bore / stroke: 108 
mm / 127 mm
Note: equipped with 
a sample 
conditioning system 
with a sulphur 

University of 
California, 
Riverside, USA

Dilution by a 
factor ≥ 14 from a 
heated line following 
ISO 8178-1.

Jiang et al. 2018 6
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adsorber and a 
catalytic stripper

3 Marine, 9-cylinder 
engine
Power: 1980 kW
Medium speed (750 
rpm)
4-stroke
Bore / stroke: 280 
mm / 320 mm
Injection: common 
rail
Note: equipped with 
exhaust after-
treatment providing 
backpressure into the 
engine. The sample 
was taken at the exit 
of the engine, before 
the after-treatment 
equipment.

Alfa Laval, 
Copenhagen, 
Denmark

Dilution by a 
factor ≥ 14 from a 
heated line following 
ISO 8178-1.

PPR 6/INF.13. 
International 
Maritime 
Organization Sub-
committee on 
Pollution 
Prevention and 
Response Session 6. 
Consideration of the 
impact on the arctic 
of emissions of 
black carbon from 
international 
shipping. Evaluation 
of the effect of SCR, 
EGC, and sulphur 
limit solutions on 
black carbon 
emissions from ships 
using three black 
carbon 
measurement 
methods. 
PPR6/INF.13; 2018.

PPR 4/INF.9. 
International 
Maritime 
Organization Sub-
committee on 
Pollution 
Prevention and 
Response Session 6. 
Consideration of the 
impact on the arctic 
of emissions of 
black carbon from 
international 
shipping. Technical 
details of a multi-
instrument black 
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carbon 
measurement 
campaign. 
PPR4/INF.9; 2016.

4 Marine, purpose-
build natural gas 
engine with diesel 
pilot, 9-cylinder 
Power: 4320 kW
Medium speed (720 
rpm)
4-stroke
Bore / stroke: 340 
mm / 400 mm
Injection: common 
rail

Vancouver, BC, 
Canada

Dilution by a 
factor ≈ 6 from a 
heated line following 
ISO 8178-1.

Baldelli et al. 7, 
Corbin et al. 8, 
Sommer et al. 9, 
Trivanovic et al. 10

5 Aviation gas turbine 
(turboshaft 
helicopter engine of 
late 1950s design)
Power: 1120 kW
Speeds used: 13,000 
to 24,000 rpm (max 
rated higher)
Two-stage turbine 
with 10-stage axial 
compressor
Annular combustor
Note: the free turbine 
for driving the load 
was removed during 
the tests

Derby, UK Dilution by a factor 8 
by an ejector dilutor 
from a heated line. 

Olfert et al. 11
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Table S2. Fuels used to generate the particles analyzed in this study and some of their most relevant 
characteristics. Ash and sulfur contents are mass fractions.

Fuel Characteristics 
Diesel Distillate

Sulphur content: 0.0006 % (6.3 ppm)
Viscosity: 2.9 cSt at 40°C
Ash content: <0.01%

DMA Distillate Marine – Grade A
Suphur content: 0.087%
Viscosity: 4.2 cSt at 40°C
Ash content: <0.001%

RMB-30 Residual Marine – Grade B
Sulphur content: 0.0013 % (13.2 ppm)
Viscosity: 13.73 cSt at 50°C
Ash: < 0.01 %

IFO Intermediate Fuel Oil
Fuel blend including HFO (Heavy Fuel Oil)
Sulphur content: 2.3%
Viscosity: 406 cSt at 40°C
Ash content: 0.055%

RMG-380

Residual Marine – Grade G (Heavy Fuel Oil)
Sulphur content: 3.2%
Viscosity: 358.9 cSt at 50°C
Ash content: 0.052%

1 : 3 HFO : MGO

Mixture of Heavy fuel oil and a marine gas oil (distillate fuel) at 1 : 3.3 by 
mass.12

Sulfur content: 0.575% 
Viscosity: 5.230 cSt at 40°C
Ash content: 0.012%

The mixing ratio was calculated from the sulfur content of the HFO, MGO, 
and mixture, which were 2.45, 0.575, and 0.008 % by mass, respectively12. 
As the viscosity of this fuel is less than 10 cSt, it would be classified as an 
RMA-10 fuel by ISO 8217.

USLD

Ultra-low Sulphur Diesel
Sulphur content: <0. 0015%
Viscosity: unknown (Canadian road-vehicle grade)
Ash content: unknown (expected negligible)

NG Natural Gas
Viscosity: NA
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Ash content: lower than test limit of detection
Associated ULSD pilot fuel in small proportions (<2%):

Jet A-1 Distillate fuel
Sulphur content: 0.037% 
 (One of the load settings for this fuel was one of two samples in which no ash 
was identified.)

3 Supplementary figures

Figure S1. High resolution TEM image of a spheroid found in Sample #4 (marine engine, distillate 
fuel DMA, 10% load). The spheroid has a diameter of roughly 440 nm, displayed no graphitic 
structures as expected for soot, and contained calcium and sulphur.
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Figure S2. Mass fraction of ash elements in soot measured by ICP-MS as a function of engine load, 
for all engines and all measurements in this study. For this figure, Engine 5 (aircraft turbine engine) 
data has been scaled to 24k rpm as an approximate representation of 100% load. Thick lines are fits 
to V (residual only) and Zn (distillate only) data. Thin dashed lines reproduce these fits, to allow 
comparisons between panels. Error bars from ICP-MS quantification are smaller than the data 
symbols, which indicates that engine-to-engine variability and/or carbon normalization cause the 
spread in these data.
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